Informative Irreproducibility and the Use of Experiments in Ecology ANTHONY R. IVES B efore taking a drug, I want tests of the drug to be reproducible. I would expect testing across women and men, all demographic and ethnic groups, and people with different medical histories, with the quantitative efficacy of the drug being reproduced. Reproducibility over the complete range of drug use is essential. A similar requirement of reproducibility will not be met by the majority of ecological experiments: Ecological experiments, even when aggregated in meta-analyses, will not reach the reproducibility bar that should be set for drug testing. But I don't think this diminishes their value.
There are experiments in ecology that are designed to make broad quantitative predictions, and these should be subject to the reproducibility requirements similar to drug testing. For example, quantifying the release of methane from frozen ground as the Arctic warms requires experiments that are reproduced broadly in space and time to capture and quantify the total methane release. Similarly, ground truthing the remote sensing assessments of regional and global patterns of primary productivity and species richness needs to be done in a highly reproducible way. However, most ecological experiments are not designed to give quantitative assessments over broad spatial and temporal scales. For most ecological experiments, reproducibility in a drug-testing sense is impossible. Experimental reproducibility has received a lot of recent attention, with calls that reproducibility is essential for incisive science (Schnitzer and Carson 2016 , Parker et al. 2016b , Fidler et al. 2017 . I think, however, that trying to shoehorn all ecological studies into stylishly reproducible stilettos is detrimental, and we should recognize that valuable ecological experiments are often carried out in sensible, irreproducible muddy boots.
Among-versus within-experiment statistical inference
Reproducibility is a growing concern across all the sciences. For example, psychologists in The Reproducibility Project repeated 100 published experiments as closely as possible, and they obtained statistically significant results in only 39 (Open Science Collaboration 2015). The concept of reproducibility can be partitioned into different attributes and terms, such as repeatability, replication, and reanalysis (Ellison 2010 , Parker et al. 2016a , Fidler et al. 2017 . A key distinction, often not made, is between reproducibility among experiments conducted at different times, on different systems, or with different methods, and reproducibility within the same experiment that could be achieved by increasing sample size. This distinction between among-and within-experiment reproducibility sets the bounds of statistical inference that a researcher is testing. Specifically, to make statistical inference among experiments, it is necessary to assume that the processes under experimentation are the same so that the experiments themselves represent trials in a meta-experiment. To make statistical inference within experiments, it is only necessary to assume that the replicates within the experiment are governed by the same processes.
Many of the concerns raised about reproducibility involve withinexperiment statistical inference. These primarily revolve around good experimental design with sufficient sample sizes, appropriate statistics, honest reporting of data and analyses, and greater transparency, with the publication of both data and analyses so that analyses can be reproduced by other researchers (Ellison 2010 , Parker et al. 2016a . Statistical analyses always involve many decisions that can lead to statistically inflated results: selecting data transformations, removing outliers, deciding which results to report. As the ease with which sophisticated statistics can be performed increases, there is danger that the rate of statistical mistakes increases even faster. These issues affect within-experiment and among-experiment reproducibility asymmetrically. Among-experiment reproducibility is unlikely without within-experiment reproducibility. Nonetheless, the converse is not true. A set of experiments investigating similar questions in similar systems might all demonstrate within-experiment reproducibility without reproducing the same results.
The challenge of amongexperiment reproducibility The experiments I have performed are not broadly reproducible. Pea aphid populations in alfalfa fields are highly variable, and so are the natural enemies that attack them. The top-down effects of natural enemies are at times very strong, and the pea aphid system can be confidently presented as a top-down controlled system. Nonetheless, there is variation in the strength of control and in the suites of natural enemies that do the controlling. Alfalfa fields are harvested, which is typically followed immediately by exponential pea aphid population growth at the scale of individual fields until they are controlled by natural enemies. Therefore, since fields are harvested asynchronously, at any one time, there will be pea aphid populations in fields without top-down Conclusion Many good recommendations have come from discussions about reproducibility (Parker et al. 2016a ). These recommendations largely involve withinexperiment reproducibility. It is clearly desirable to publish data and analyses and to be keenly aware of how decisions during analyses affect statistical results. Concerns about among-experiment reproducibility, however, risk obscuring the broader value of the recommendations concerning within-experiment reproducibility. Experiments should be judged on what they tell us about the system under study in a strict statistical way. And they should be judged on whether they are ecologically interesting, giving information that provides qualitative insights into other systems. But they should not be judged on whether they can be reproduced to allow quantitative statistical comparisons among experiments if this is not their intended design.
Anthony R. Ives (arives@wisc.edu Second, in a strict statistical sense, meta-analyses assume that experiments in different systems test the same processes and are therefore reproducible, treating them statistically as if they were replicates. I think to preserve the integrity of statistical analyses, ecologists need to apply statistics judiciously, and assuming that experiments are reproducible is often not judicious. Treating experiments as if they were reproducible ignores the great variability within and among all ecological systems. Ecological variability itself provides information to understand ecological systems; irreproducibility generates opportunities to learn.
Reproducibility in the within-experiment sense is always essential. However, I don't think that reproducibility in the among-experiment sense is necessarily grounds on which to judge experiments. Fidler and colleagues (2017) stated that we might expect 50% of experiments in ecology to be irreproducible, commenting that the "financial cost of these avoidable errors may be staggering. " I too am concerned about within-experiment reproducibility, and I have no doubt that some published experiments are not. But the numbers of "irreproducible experiments" should not be inflated by among-experiment irreproducibility. Among-experiment reproducibility sets an unattainable and irrelevant goal for most ecological experiments. Funding agencies and the public should know this, and ecologists should not be ashamed of it.
control and other populations with topdown control.
The outcome of any experiment involving top-down control of pea aphids in alfalfa will depend on when and where the experiment is performed. To show what is possible only requires a single, carefully performed and adequately replicated experiment at one point in time and location. I am not advocating that researchers design experiments intentionally to capture peculiarities that only happen once and are unimportant in the system under study. Instead, many key findings in ecology-findings that have influenced how ecologists view the world-have come from experiments designed to address a particular question in a particular study system. I am simply advocating that we acknowledge this.
Irreproducibility and the preservation of statistical integrity Discussions often confound within-and among-experiment reproducibility, and those discussing them thereby seem to judge an experiment on whether it can be compared quantitatively with similar experiments-for example, in a meta-analysis. This leads to two concerns, the first of which is misplaced and the second of which is too often ignored. First, it leads to a concern
